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Introduction 


e What is wireless energy? 


Energy sources Advantages Disadvantages 
High energy density Power not always 
Solar energy in a good weather | available and require 


condition energy storage unit 


Can work even when Power not always 


Wind energy the power line is available and high 


turned off maintenance costs 


Energy available as | Low energy density 
Electric field long as the power and suffers from the 


line is turned on loading effect 


Energy available as | Relative low energy 
Magnetic field long as a current density and depends 


passes through on the current flow. 





We mean electromagnetic energy Bag «sov or 





* [he wireless energy we are interested in this talk: 


— Low frequency (Hz to kHz) energy from such as a 
power line. 


— High frequency (MHz to GHz) energy from such as 
WiFi and mobile signals 


* [he energy can be harvested using a rectenna 
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« What is a rectenna? 


It is a combination of rectifier and antenna, and an 
impedance matching network and DC pass filter may be 
required — depending on the specific design. 


[DC 





filter 


• [he main advantage is high efficiency — over 8096 
which has been achieved at microwave frequencies. 
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Outline 


e Wireless Energy Harvesting at Lower Freq. 
* Our designs/approaches 
e Results and discussions 
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Wireless Energy Harvesting at Lower Freq. 


Weather a 
station 









Lightning 
detector 








Partial | | 
discharge Nine 549 


Main Problem: How to power these wireless sensors in 
remote areas? 


Temperature 
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Cable-clamped energy harvesters 


Limitations of conventional designs: 


* De-energized to allow installation and 
maintenance 





- Impossible to install a sensor with alarge ^ | 
volume such as a weather station 
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We want a wireless one! 











Benefits: 
e Easy to install and maintain 
e Able to power the sensors with large volume 


Challenge: 
* How to design and optimize this energy harvesting 
system to collect sufficient enero 


Er UNIVERSITY 


LIVERPOOL ¥ Huang. 11 





Antenna Operation Principle 


Faraday's Law: When a coll is subjected into a time-varying 
| magnetic field, voltage can be generated. 


Пагу esting 





f coil N 


Effective cross section area A 


| Ferromagnetic 


core 





ng numbers N 


Усой = WN BeslMer A 





How to make it? Design 1 (bow-tie) 





Advantages: 


1. North poles and south poles are separated 
further and the demagnetizing field is reduced 


2. The large end surface allows more magnetic 
flux passing through the core 


3. Кедиіге shorter wire winding on the core 
and reduce the copper loss 


wur ш ^| PR = | ну == (јр ка мкс мәс DEE ән шин ШШ 
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Иејј = 18.33 





Comparison of different designs 





Е 


Power density (nW/cm’) 





0 500 1000 1500 2000 
Relative permeability 


The power density of the bow-tie 
coil can be 5 times larger than the 
solenoids 
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How to make it: Design 2 (helical) 


The winding 
(enameled wire) 


The circul 
e circular The circular 





plate «— — plate 
ferromagnetic 
( gnetic) (ferromagnetic) 
The helical core = / turns 


(ferromagnetic material) Effective length = = 105 ст 
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Coil Design 2: Helical Core 








More turns on the core, 


ШТІ = Better the performance. 


Power density (nW/cm3) 





0 20000 40000 C O 99900 80000 100000 
Relative permeability 
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Helical Core Optimization 


| | Ferrite Material Winding area 





When the inner radius 
D., equals to the 


ІП 


supporting length L,, 
the winding area inside 
the helical core is fully 
utilized, which gives a 
max power density 





The change of 
helical width 


4 5 6 7 8 9 10 11 12 13 17 
Helical Width (cm) 





Measured Results of Helical Coll 











When 2000 turns 
of wire can be 
wound, the 
predicted power 
density is around 
9.8 uW/cm? 

Physical Length 50 cm 15 cm 15 cm 

BD umber ш 40,000 40,000 2000 

| з  13.0uW/cw8 66.6 uW/cm? 
Power Density 0.85 uW/CM 


15 times 5 times 





Experiment Results and Demo 
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Results Comparisons 





Testing Physical Power at 
Environment | Dimensions Matched 
Load 





50 cm long 
3.923X10° m? 





15 cm long 
About 18 uT | 1.885Х10 т" 


More information 


1. S. Yuan, Y. Huang, Q. Xu, J. Zhou, C. Song and G. 
Yuan, "A highly efficient helical core for magnetic field 
energy harvesting", /EEE Transactions on Power 
Electronics, Vol. 32, July, 2017. 


2. S. Yuan, Y. Huang, Q. Xu, J. Zhou, C. Song and P. 
Thompson, "Magnetic Field Energy Harvesting Under 
Overhead Power lines", /EEE Transactions on Power 
Electronics, Vol. 30, Issue 11, May, 2015. 
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The idea 
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Етте) N Broadband 
=> | Rectenna 
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Challenges 


LJ Difficulties in broadband or multiband designs 
L1 Low conversion efficiency @ ambient power level 
LJ Strong nonlinear effects (e.g., load variation) 


(1 Complex structure for the design etc. 
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Our solutions 


No 1. High efficiency low 
power broadband rectenna 






CST 
+— Cross dipole ante 
2-0 FRA substrate 
70 x 70 x 1.6 mm? 
ч Feeding line 

V Ground plan 
: „__ Duroid5080 s інілік А 
le » *C 924324 1.575 m 





© C. Song, Y. Huang et al., “A high-efficiency broadband 
rectenna for ambient wireless energy harvesting," IEEE 
Trans. Antennas Propag, May 2015. 
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Results 





2G, 4G 3G 
mobile mobile 





0.3 V (6 uW) DC 
output power for 
-35 dBm ambient 

power level 


Conversion Efficiency (%) 





22 2.4 
Frequency (GHz 





Significantly improved efficiency 
@ ambient power levels 
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CHALLENGES 





О Strong nonlinear effects (e.g., load variation) 
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No 2. Six-band CP rectenna 
with reduced load effects 


iic C1 L3 

| L2 C2 P 
y ÉL | . [| | 
Input 






. [To rectifier 


A special section for reducing the 
impedance mismatch vs. load 
impedance 





Antenna 


THE DESIGN 








0.55 & 0.75 GHz 


0.9 & 1.85 GHz 


2.15 & 2.45 GHz 


09/02/2018 20:41 


Conversion Efficiency (%) 


Results 













-.-.- 80) kohms 
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Covers the entire DTV, 
mobile, WiFi, and ISM bands 


(70) 
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Antenna design 


Ultra wideband CP antenna for 
wireless energy harvesting 


CST 





E High frequency um 45 Low frequency 
mode mode 
(1—3 GHz) (500 — 900 MHz) 
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Results 


== Outdoor ambient environment 
— indoor ambient environment 


| Indoor (8 uW harvested powe Outdoor (24 uW harvested power) 





Overall Conversion Efficiency (95) 





E 
a ' 
9 Е 3G/UMTS: 
: 
а. 
5 
9 
о 
| | | | | 2 
00 20 40 60 80 100 ana. | : 
-7 ; | | | | 
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Load Resistance (k€)) мены 


© C. Song, Y. Huang et al., “A novel six-band dual CP rectenna 
using improved impedance matching technique for ambient RF 
energy harvesting," IEEE Trans. Antennas Propag, July 2016. 
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No 3. Improved wideband THE DESIGN 


rectennas using hybrid 
resistance compression 


di 


To rectifier 


5, 


^ n 
Resistance | Impedance 
compression matching 
ч y 














Zin 
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RF-DC Conversion Efficiency (%) 





Results 





Rı 
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IW) Chip capacitor 45 
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Consistent efficiency, 


04 05 06 07 08 09 10 141 reduced nonlinear effect 
Frequency (GHz) 
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(1 Complex structure of the design 


CHALLENGES 
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No 4. Matching network THE DESIGN 
elimination for broadband 
rectennas 


Antenna 


Ko) nen 


Matching 


High impedance antenna 





тү 


50 О 50 О X+jYQ X-jYO х+јуО 
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Off-centre-fed dipole 


Symmetrical dipole Asymmetrical dipole 





Long arm 
(mm) 


90 
80 
70 
60 
50 


Short 
arm (mm) 


20 
30 
40 
50 








Real part 


at f, (О) 


320 
165 | 
102 | 
79 








Broadband high impedance 
antenna 






Long arm of 


Long arm of 
the 2^? OCFD 


gra radial stub 






Short arm of Short arm of 
the 2"? OCFD the 1° OCFD 





Real Part (Ohms) 
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900 


400 - 
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200 
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=.=- Reference antenna (symmetrical) increased 
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Results 





Well matched with different 
types of diodes 












Shunt 
capacitor 






Resistive 
load 
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Results 






















Shunt 
capacitor 


Proposed 
OCFD antenna 


Resistive 
load 





capacitor 
EJ 


Reduced nonlinear effect vs. 
load variations 


Conversion Effciency (9^) 
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APPLICATION 


Energy harvesting wireless 
sensors 
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APPLICATION 
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ies IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS 1 
Matching Network Elimination in Broadband 
Hectennas for High-Efficiency Wireless Power 
Transfer and Energy Harvesting 


Chaoyun Song, Yi Huang, Senior Member, IEEE, Jiafeng Zhou, Paul Carter, Sheng Yuan, 
Qian Xu, and Zhouxiang Fei 


Abstract—Impedance matching networks for nonlinear |. INTRODUCTION 

devices such as amplifiers and rectifiers are normally very TEP . . | 

challenging to design, particularly for broadband and multi- I MPEDANCE matching is a basic but crucial concept in elec- 
band devices. A novel design concept for a broadband tronics and electrical engineering, since it can maximize the 
high-efficiency rectenna without using matching networks power transfer from a source to a load or minimize the signal 
is presented in this paper for the first time. An off-center-fed 
dipole antenna with relatively high input impedance over a 
wide freauencv band is proposed. The antenna impedance 


reflection from a load. In the wireless industry today, there have 
been many devices (such as oscillators, inverters, amplifiers, rec- 
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Self-sustainable | 
Wireless Sensors 4: 








Structural Monitoring Building Automation жайла Security Smart Grid 
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Be aware 









| Industrial 2 ELDE 
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GSM Base Staton ИГҮ 
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Summary 


* We have used rectenna technology to harvest 
wireless energy at lower and higher frequencies. 


e At lower frequencies, two special antenna designs 
have been produced. 


е At higher frequencies, four special rectenna designs 
have been presented. 


* [hey all have been validated by experiments and 
potential applications have been identified. 
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